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Small molecules and polymers of -conjugated organic semiconductors have been the subject of much research because these materials have potential for low-cost, large-area, and flexible device applications. Displays based on organic light emitting diodes ͑OLEDs͒ are already seeing commercial use. 1 On the other hand spin-based electronic devices have shown potential for improved device performance and functionality. 2 Organic semiconductors are potential candidates for spintronic devices due to their long spin-coherence times 3 and experiments have confirmed that spin-polarized injection can enhance the electroluminescence of OLEDs. 4 The potential for integrating organic semiconductors with strongly polarized ferromagnetic ͑FM͒ materials provides additional advantages for spintronic applications. However, strong spin injection from a FM contact into any semiconductor is a challenging task. [5] [6] [7] In order to achieve significant spin injection, either half-metallic materials such as La 0.7 Sr 0.3 MnO 3 , or tunnel barriers with spin-selective transmission probability between the contact and the semiconductor are needed. In the experimentally explored structures of organic spin valves, 8, 9 some of the FM contacts were made from half-metallic materials.
Electrons and holes in organic semiconductors form strongly bound excitons. Excitons can have spin S =0 ͑sin-glet͒ or S =1 ͑triplet͒. Only singlet excitons can recombine radiatively ͑and quickly͒ giving rise to light output. Triplet excitons eventually recombine via nonradiative processes.
Thus, the electroluminescence quantum efficiency, EL , of organic semiconductors is limited by the fraction of excitons that form as singlets, S . Due to the ratio of triplet to singlet states ͑ 3 1 ͒ , S is only 1 4 , in the simplest picture. Thus, the maximum quantum efficiency should be less than 25% ͑ex-periments have yielded a wide range of S -values 10 and different approaches 11 to explain these results͒. In this work, we present a model of spin-polarized electron and hole injection and recombination. The model can be divided into three stages: injected spin-polarized electrons and holes propagate through the material and form local electron-hole pairs due to their mutual Coulomb attraction. The charge carriers may undergo spin flips due to interaction with nuclear spins or due to other scattering processes that involve spin-orbit interaction. Both hyperfine and spin-orbit coupling are weak in conjugated organic semiconductors, hence spin flip scattering events are rare. Once electron-hole pairs share a particular molecule, or a monomer in the case of a polymer material, they relax rapidly into tightly bound exciton states. The excitons then recombine or diffuse but they are not expected to dissociate.
Spin-dependent carrier transport in organic semiconductors is governed by the time-and spin-dependent continuity equations coupled with Poisson's equation
Here n ↑,↓ and p ↑,↓ are the spin-dependent electron and hole concentrations; J n↑,↓ and J p↑,↓ are the corresponding current densities in drift-diffusion approximation; ␥ P and ␥ AP are the recombination coefficients for spin parallel pairs ͑↑↑, ↓↓͒ and spin antiparallel pairs ͑↑↓, ↓↑͒, and s is the spin relaxation time. The carrier mobilities in organic semiconductors are relatively low and constitute the dominant limitation in the formation of localized electron-hole pairs, independent of the relative orientation of the electron and hole spins. Hence, we take ␥ P = ␥ AP and given by the Langevin recombination coefficient: ␥ L =4e͑ n + p ͒ / , where n and p are the mobilities of electrons and holes. The coupled spin-dependent device equations are solved for the steady state with boundary conditions expressed through the ͑spin-polarized͒ injection and extraction current. 7 Solution of the transport problem yields densities of spin parallel and antiparallel, electron-hole pairs. The electron-hole pairs can be in the singlet state 
Here k S and k T are the spin-dependent formation rates of singlet and triplet excitons, and s is the spin relaxation time for localized electron-hole pairs, which may be different from the single carrier spin relaxation time. Here we neglect this distinction. The excitons may recombine at the site where they form or they may diffuse through the semiconductor and recombine at other sites or at the contact interfaces. Diffusion of singlet and triplet excitons is governed by
N S and N T are the densities of singlet and triplet excitons, D ex is the diffusivity of the excitons, S,rec and T,rec are the recombination lifetime of the singlet and triplet excitons, and isc is the intersystem crossing time. A schematic representation of the whole process is shown in Fig. 1 . The definition of the fraction of singlet excitons generated is given by S = k S N S,AP / ͑k S N S,AP + k T N T,AP + k T N T,P ͒.
As an example, we consider an organic semiconductor layer with 100 nm thickness sandwiched between two halfmetallic Schottky contacts. We assume that the Schottky barriers are such as to enable electron injection for one contact and hole injection for the other and equal to 0.6 eV in all calculations. The transport parameters used for the halfmetals and organic semiconductors are given in Table I . Here , ␣, and ⌳ are the conductivity, conductivity polarization, and the spin diffusion length of the half-metal, respectively; n 0 is the effective density of states ͑conduction and valence states͒ for the organic semiconductor. We express the level of spin injection through the current polarization ͑CP͒ defined as the ratio of the spin current averaged over the semiconductor to the charge current. Charge conservation ensures that the charge current is constant throughout the device but the spin current depends on position due to the finite spin relaxation time. 7 The applied bias is 20 V for all examples. First, we investigate the effect of spin injection on the P and AP electron-hole pair generation rates ͑Fig. 2͒. When injection is unpolarized, the P and AP rates are equal. However spin-polarized injection with parallel contact polarizations enhances the AP rate relative to the P rate. The effect is strongly nonlinear due to the exponential dependence of the injected current density on the ͑spin-dependent͒ quasi-Fermi levels at the contact interfaces. For strongly polarized injection ͑CP= 0.99͒ and n = p , the AP rate is two orders of magnitude larger than P rate, and the current density in the polarized case exceeds that of the unpolarized case by about one order of magnitude. The profiles of the pair generation rates depend on the relative carrier mobilities. When the mobilities of electrons and holes are equal, generation occurs uniformly throughout the device. For p Ͼ n , pair generation occurs primarily near the electron injecting contact ͑left͒ and decreases toward the hole injecting contact ͑right͒. One interesting point is that for n Ӷ p , the P generation rate and n ↓ have maxima near the electron injecting contact. The reason for this is that the spin flip term ͓the last term in Eq. ͑1a͔͒, which is positive, counteracts the recombination terms. However the AP rate does not depend strongly on n ↓ because n ↓ p ↑ is negligible compared to n ↑ p ↓ . Hence, the AP rate decreases monotonically from the electron injecting to the hole injecting contact.
The enhancement of AP pair generation through spin injection increases the singlet fraction, S . Figure 3 plots S as a function of position for the different cases shown in Fig. 2 . When injection is strongly spin polarized, S ϳ 1 2 . The profiles depend on the relative carrier mobilities. For equal electron and hole mobilities, AP and P pair generation rates are uniform throughout the semiconductor, as shown in Fig. 2 by dashed bold lines and, hence, S is uniform throughout the semiconductor. When the mobility of one carrier type is reduced ͑here n ͒, its injection rate becomes smaller and so does the CP. The reduction of CP also reduces S , as evident in Fig. 3 . However, the profile varies spatially. When the electron mobility is reduced, AP and P pair generation decrease toward the hole injecting contact ͑Fig. 2͒. The relative decrease of the AP rate is more than that of the P rate due to spin flips. Only the AP pair generation contributes strongly to S . Thus S decreases slowly toward the right electrode. The average values of S for the three polarized cases shown in Fig. 3 The tightly bound excitons recombine or diffuse through the device. Singlet excitons recombine radiatively and thus have a short recombination lifetime. Triplet excitons recombine nonradiatively with a long recombination lifetime. We assume that the exciton formation rates ͑k S , k T ͒ are much larger than the spin relaxation rate ͑1 / s ͒. The intersystem crossing time, isc is assumed to be long ͑1 ms͒, hence it does not play any role in the examples discussed here. The diffusivity is the same for singlet and triplet excitons and is calculated from the lower of the charge carrier mobilities by Einstein's relation. Figure 4 represents the singlet and triplet exciton profiles inside the organic semiconductor. The diffusion length of singlet excitons is short and their steady-state density profile is similar to the AP generation rate. On the other hand, diffusion is important for triplet excitons. When the carrier mobilites are equal to 10 −2 cm 2 / V s, the resulting diffusion length is 500 nm, which is larger than the device size. Due to this long diffusion length, most of the triplet excitons recombine at the contact interfaces. The diffusion lengths for the other two cases are 158 nm ͑ p =10 n ͒ and 50 nm ͑ p = 100 n ͒. As seen from the dashed lines in Fig. 4 , the triplet exciton profiles differ appreciably from the P and AP electron-hole pair profiles.
We have studied the effect of spin injection on the formation and distribution of excitons. The relative carrier mobilities strongly affect the spatial distributions of exciton formation. The fraction of singlet excitons created also varies spatially, assuming values between This work was supported in part by the NSF ͑ECCS-0724886͒. Access to the Minnesota Supercomputing Institute is gratefully acknowledged. Work at LANL was supported by DOE BES Work Proposal No. 08SPCE973.
